Cell-cell communication is essential for multicellular development and, consequently, evolution has brought about an array of distinct mechanisms serving this purpose. Consistently, induction and maintenance of stem cell fate by noncell autonomous signals is a feature shared by many organisms and may depend on secreted factors, direct cell-cell contact, matrix interactions, or a combination of these mechanisms. Although many basic cellular processes are well conserved between animals and plants, cell-to-cell signaling is one function where substantial diversity has arisen between the two kingdoms of life. One of the most striking differences is the presence of cytoplasmic bridges, called plasmodesmata, which facilitate the exchange of molecules between neighboring plant cells and provide a unique route for cell-cell communication in the plant lineage. Here, we provide evidence that the stem cell inducing transcription factor WUSCHEL (WUS), expressed in the niche, moves to the stem cells via plasmodesmata in a highly regulated fashion and that this movement is required for WUS function and, thus, stem cell activity in Arabidopsis thaliana. We show that cell context-independent mobility is encoded in the WUS protein sequence and mediated by multiple domains. Finally, we demonstrate that parts of the protein that restrict movement are required for WUS homodimerization, suggesting that formation of WUS dimers might contribute to the regulation of apical stem cell activity.
C ell-cell communication is a prerequisite for multicellular life, because the behavior of individual cells has to be aligned with that of their immediate neighbors and the developmental and physiological program of the entire organism. One striking example is the noncell autonomous induction and maintenance of stem cells, which is shared by a variety of organisms across the kingdoms of life. Because multicellularity has evolved independently in the animal and plant lineages, considerable differences exist in the intercellular communication strategies between animals and plants. The most prominent example is the presence of cytoplasmic bridges, called plasmodesmata (PD), between neighboring plant cells, which allow exchange of macromolecules by passive diffusion, as well as active transport. Both processes are highly regulated by modulating the size exclusion limit for diffusible molecules and selectively recognizing cargo for active transport, respectively.
The regulation of symplastic connectivity plays important roles in plant development, because PD-mediated trafficking is involved in such diverse processes as regulation of root and shoot architecture, induction of flowering, floral patterning, phototropism, or spread of infective agents (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . In addition, a number of essential transcriptional regulators exhibit noncell autonomous activities, including SHORTROOT (SHR), KNOTTED1/SHOOT-MERISTEMLESS (KN1/STM), WUSCHEL (WUS), and LEAFY (LFY), which correlates with movement from their site of RNA expression into neighboring cells. Arguably the best-studied example of a mobile plant transcription factor (TF) is KN1/STM, whose movement depends on its homeodomain. Interestingly, the KN1 protein is able to modulate the PD size exclusion limit, thus facilitating its own passage (2, 13, 14) , suggesting a multilayered regulatory regime for PD activity.
One pressing question that arises from these findings is how functionally distinct subdomains are set up and maintained within such a permissive cellular environment and how PDs contribute to this process. Mobility of SHR and microRNA 165, which are important for morphogenesis in the Arabidopsis root, is mediated by PDs (15, 16) ; however, little is known about these processes in the shoot. The shoot apical meristem (SAM) represents an excellent model to study PD function in regulating dynamic cell populations, because in addition to the stem cells in the central zone (CZ) of the meristem, at least two distinct cell populations can be identified based on cell behavior. First, cells of the peripheral zone located laterally to the stem cells divide rapidly before being incorporated into developing organs. Second, cells of the organizing center (OC) below the stem cells provide the appropriate niche and are required for stem cell induction and maintenance. These cells are the site of expression of the homeodomain TF WUS, which is essential for stem cell activity (17, 18) . GFP-WUS has been shown to move from the OC to the stem cells in the outermost cell layers (L2 and L1), and this mobility has been suggested to be relevant for WUS function (19) . However, little is known about the mechanisms mediating WUS movement and the contribution of PDs to the regulation of stem cell activity in the SAM.
Results
Plasmodesmata Function Is Essential for SAM Maintenance. Shoot meristem function depends on a set of regulators with noncell autonomous activities. Most notably, the CLAVATA3 (CLV3) peptide is secreted by stem cells and limits WUS RNA expression in the OC via the CLAVATA1/CLAVATA2/CORYNE (CLV1/CLV2/CRN) Significance Cell-cell communication is a prerequisite of multicellular development and noncell autonomous stem cell induction has been conserved during evolution. Cytoplasmic bridges, called plasmodesmata, which facilitate the exchange of molecules between neighboring cells, are a striking innovation for cellcell signaling in plants. Here, we show that plasmodesmata function is required for the activity of shoot apical stem cells in Arabidopsis and provide evidence that the stem cell inducing transcription factor WUSCHEL moves from the niche into the stem cells via this route. WUSCHEL movement is functionally relevant and mediated by multiple protein domains. Because parts of the protein that restrict movement are required for homodimerization, the formation of WUSCHEL dimers might contribute to the regulation of stem cell activity in Arabidopsis.
receptor complexes (20) (21) (22) (23) (24) (25) (26) . Similarly, WUS noncell autonomously induces stem cell fate, and this activity is correlated with movement of WUS-GFP from the OC to the stem cells (18, 19, 27) . Because PD function is highly regulated during SAM development both temporally and spatially, and because trafficking through PDs represents an attractive route of movement for regulators such as WUS and STM, we wanted to test the relevance of PD function in subdomains of the SAM for stem cell induction and maintenance (13, 19, 28, 29) .
To this end, we used cell type-specific expression of a constitutively active version of CALLOSE SYNTHASE 3 (CalS3m), which deposits callose around PDs, thereby causing cell wall thickening and decreasing PD diameter and function (16) . Blocking PDs in the OC by driving CalS3m from the WUS promoter led to phenotypes reminiscent of wus mutants, including disorganized rosettes with multiple shoots (n = 6/12) and arrested primary shoots (n = 5/12) (Fig. 1A) . These results indicated that PD function in organizing cells is essential for SAM activity and supported the idea that the stem cells receive inducing signals from the OC, including WUS.
To dissect effects of PD activity on stem cells in functionally and structurally intact SAMs, we constructed plants in which stem cellspecific expression of CalS3m could be induced temporarily by ethanol and analyzed three independent transgenic lines. Whereas, in absence of the inducer, shoots grew normally, SAMs terminated 15-18 d after expression of CalS3m in stem cells; however, side shoots initiated after induction developed normally (Fig. 1B) . At the microscopic level, signs of differentiation became obvious as early as 3 d after CalS3m induction, including an increase in cell volume in L3 by 167%, disorganization of the OC, and a decrease in meristem size by 57% [ Fig. 1 C-E (n = 15) and Fig. S1 B and C]. Five days after induction, stem cells were largely lost and primordia formation had ceased ( Fig. S1A ; n = 10), whereas treated control plants without the CalS3m construct continued to grow normally ( Fig. S1 E and F) .
Taken together, PD-mediated symplastic connectivity between OC and CZ is essential for stem cell induction and maintenance. Although the effects of reducing PD function might be manifold, the observation that a GFP fusion of the essential stem cell inducer WUS moves from the OC to the stem cells (19) Fig. 2A) . To test the specificity of our WUS antiserum, we included a number of diverse tissues or genotypes with known WUS RNA expression domains and the observed anti-WUS signals matched the expected patterns (Fig. S2 D-G) . Because these experiments are laborious, we designed a WUS rescue construct in which WUS is tagged at the C terminus and GFP is spaced from the WUS fold by a 30-aa glycine-serine linker. The idea was that this design would be less prone to interfere with the activity of the N-terminal DNA binding homeodomain and, thus, might result in a more robust activity of WUS-linker-GFP. Indeed, when tested in vivo, we found a large fraction of rescued plants (5 of 8 T1 in wus background) and a robust GFP fluorescence in the nuclei of WUS expressing cells. Analyzing GFP distribution in SAMs of 18 independent transgenic lines of our pWUS::WUS-linker-GFP transgene in the wus mutant background, we found that WUSlinker-GFP signal faithfully recapitulated localization of endogenous WUS as detected by anti-WUS immunostainings ( Fig. 2A and Fig. S2H ). Thus, WUS was present in all cells of the CZ, spreading in a V-shaped gradient from the OC, whereas WUS or GFP mRNA were only detectable in the OC of WT or pWUS::WUS-linker-GFP wus rescue lines, respectively ( Fig. 2B and Fig. S2 A-C).
We then asked whether the stem cell depletion phenotypes observed after blocking PDs correlated with reduction of WUS mobility. Introduction of a pCLV3::AlcR; pAlcA::CalS3m construct into the pWUS::WUS-linker-GFP wus rescue background allowed us to directly monitor the effect of blocking PDs on WUSlinker-GFP distribution with high spatial and temporal resolution. Although WUS-linker-GFP spread from the OC into the surrounding cells and into L1 before induction (Fig. 2C ), WUSlinker-GFP was restricted to a few cells of L3 and below already 8 h after induction ( Fig. 2D and Fig. S2 H and I).
Taken together, these results clearly demonstrated that WUS moves from the OC to the stem cells via PDs and that disrupting PD function leads to stem cell depletion.
Interestingly, plants in which endogenous WUS was replaced by a pWUS::WUS-linker-GFP rescue construct arrested on average 5 d earlier than plants expressing CalS3m in WT or wus heterozygous background and required a less stringent induction regime (Fig. S1D ), leading us to hypothesize that the increased size of WUS-linker-GFP might render the system more sensitive to modulation of PD function. These results supported the idea that mobile WUS is one of the important signals emanating from the OC; however, its relative contribution to the stem cell-inducing signal remained unclear.
WUS Activity in Stem Cells Is Required for Meristem Maintenance.
To assess the contribution of PD-mediated WUS movement to SAM activity, we developed a system to interfere with WUS protein function in a cell type-specific manner based on the TIPI-Degron approach (31, 32) . Previously, WUS mobility was modulated either by increasing protein size or hampering mobility by the addition of a nuclear localization signal (NLS) (19) . However, these assays cannot discriminate between effects on protein functionality and protein movement. To be able to address this issue directly, we designed a chimeric version of WUS, which consisted of a yellow fluorescent protein (YFP) followed by a linker sequence containing the 7-aa Tobacco Etch Virus (TEV) protease recognition site, a N-Degron sequence and WUS ( Fig. S3A and refs. 31 and 32). This approach was based on the following idea: In the absence of TEV protease, WUS is functional and, consequently, YFP will localize to the nucleus. In the presence of TEV protease, however, the fusion protein will be cleaved, and the N-Degron sequence will be deprotected and ubiquitinated, leading to rapid degradation of WUS by the proteasome (Fig. S3 B and C). Because after cleavage YFP is no longer tethered to WUS, it will start to accumulate in the cytoplasm, providing a direct readout of WUS degradation. We introduced this degradable version of WUS (YFP-WUS TEVrs ) or a version lacking the TEV-protease recognition sequence (YFP-WUS) together with a pCLV3::tdTomato-TEVprotease cassette on the same T-DNA into wus heterozygous plants.
Analysis of more than 300 homozygous wus mutants derived from 36 independent transgenic lines carrying either pWUS::YFP-WUS or pWUS::YFP-WUS TEVrs and pCLV3::tdTomato-TEVprotease revealed that stem cell-specific degradation of WUS caused shoot arrest (66.9% in pWUS::YFP-WUS TEVrs vs. 36.5% in pWUS:: YFP-WUS controls; P < 0.0001; Fig. 3D ). In the presence of the TEV protease, YFP-WUS exclusively exhibited nuclear localization, whereas signal in YFP-WUS TEVrs SAMs accumulated in the cytoplasm of L1 and L2 cells (compare Fig. 3 A-C to Fig. 3 E-G) , confirming stem cell-specific inactivation of WUS.
YFP-WUS TEVrs wus plants that maintained active stem cells despite the presence of TEV protease showed robust YFP signals in the nuclei of L1 stem cells in addition to diffuse signal of free YFP, indicating that in these plants, YFP-WUS TEVrs was present in excess and could not be quantitatively cleaved by the TEV protease (Fig. 3H ). In line with this observation, we found similar rescue efficiencies with both YFP-WUS and YFP-WUS TEVrs despite presence of the TEV protease, when we increased WUS promoter activity by growing plants at 26°C in continuous light (Fig.  S4) . In sum, our results strongly support the idea that PD mediated movement of WUS from the OC into the CZ is essential for stem cell maintenance in the Arabidopsis SAM.
Cell-to-Cell Movement Capacity Correlates with Sequence Similarity to WUS. Having shown that WUS needs to move to the stem cells to exert its function, we wondered whether mobility of nuclear factors is a general feature of the cellular environment in OC and stem cells, or whether it is a specific property of the WUS protein fold. Therefore, we designed C-terminal GFP fusions including a linker sequence for a number of transcription factors with varying degrees of sequence similarity to WUS and tested their cell-to-cell mobility in vivo. When we expressed the highly similar WUS RELATED HOMEOBOX 5-linker-GFP (WOX5-linker-GFP) from the WUS promoter, we observed partial rescue of wus mutant phenotypes and movement of the fusion protein from the OC to the stem cells in L1 (Fig. 4B and ref. 33 ). In contrast, only a very small fraction of WUS RELATED HOMEOBOX 13-linker-GFP (WOX13-linker-GFP) was detectable in L1 (Fig. 4C) , despite the fact that WOX13-linker-GFP exhibited less strict nuclear localization, which should facilitate cell-to-cell movement by passive diffusion, as observed for free 2xGFP (Fig. S5C) . Because WOX13 is one of the WOX gene family members most distant to WUS, we hypothesized that cell-to-cell mobility is encoded in the WUS protein sequence and correlates with sequence similarity to WUS. Consistent with this hypothesis, we found that neither a GFP fusion of the basic helix-loop-helix transcription factor HECATE1 (HEC1), which is structurally unrelated to WUS, nor 2xGFP:NLS left the cells of pWUS activity and was never detectable in L1 (Fig. S5 A and B) . Thus, the potential for cell-to-cell movement from the OC to stem cells is not a general feature of plant transcription factors, but a specific property of WUS shared by closely related regulators.
We next wanted to investigate the influence of the cellular environment on WUS mobility, because it has been reported that PD-dependent symplastic connectivity is strongly regulated in space and time (28, 29, 34, 35) . Since the potent stem cellinducing activity of WUS precludes misexpression experiments, we designed an inactive version of WUS-linker-GFP by mutating the sequence of the conserved WUS-Box from TLPLFP to TAPAFP (WUSΔBox-linker-GFP; ref. 36) . When driven from the WUS promoter, WUSΔBox-linker-GFP behaved indistinguishable from WUS-linker-GFP (Fig. S5E) , which allowed us to test WUS mobility in other cellular contexts, without impeding effects of cellular reprogramming. Expression of WUSΔBox-linker-GFP from the epidermis-specific ML1 promoter revealed that WUS mobility is not restricted to OC and stem cells, but that it can move over the distance of at least five cells even in other subdomains of the SAM (Fig. 4D ). In line with earlier observations, WOX13-linker-GFP was also able to move out of L1 cells, but did so with significantly lower efficiency, whereas 2xGFP-NLS was found exclusively in cells of pML1 activity (Fig. 4 E and F) . Consequently, cell-to-cell A B C D movement is an inherent property of WUS and not significantly influenced by the cellular context, because it is neither unidirectional nor restricted to the cells of the CZ.
Cell-to-Cell Movement of WUS Is Regulated by Multiple Protein
Domains. Next we tested which part of WUS is responsible for the highly regulated mobility of the protein. We first focused on the previously characterized and evolutionary conserved domains of WUS, namely the homeodomain, the WUS-Box, and the EAR-like domain. Mutating the WUS-Box and/or the EAR-like domain did not have a detectable influence on WUS protein behavior when analyzed in the context of pWUS::WUS-linker-GFP ( Fig. S5E ; n = 8). However, the effects of deleting the homeodomain could not be assessed by using this experimental strategy, because its removal substantially impeded nuclear localization, thus facilitating passive diffusion (Fig. S5D ). This behavior was unlike that observed for SHR, which depends on nuclear localization for efficient cell-to-cell movement (37) . Therefore, we took the converse approach and fused the WUS homeodomain (HD WUS ) to immobile 2xGFP-NLS and used an identical fusion of the WOX13 HD (HD WOX13 ) to 2xGFP-NLS and 2xGFP-NLS alone as controls. When expressed from the WUS promoter, HD WUS -2xGFP-NLS was consistently detectable in L2 (Fig. 4G) , whereas HD WOX13 -2xGFP-NLS (Fig. 4I ) or 2xGFP-NLS alone (Fig. S5B ) remained in L3 and below. Remarkably, although of slightly lower molecular weight, WUS-linker-GFP-NLS (666 aa) translocated less efficiently to L2 than HD WUS -2xGFP-NLS (683 aa) when driven from pWUS, revealing the presence of inhibitory sequences outside the homeodomain (Fig. 4H) . Because WUS-Box and EAR-like motif did not seem to play a role, and the homeodomain was promoting WUS movement, we hypothesized that sequences that restrict WUS movement must reside within the nonconserved and putatively unstructured parts of the WUS protein.
To test this hypothesis directly, we designed a version of WUS in which all nonconserved sequences were replaced by structurally unrelated linkers. Specifically, the region N-terminal of the homeodomain (amino acids 1-31) was exchanged for the first 9 aa of GFP to ensure efficient protein translation and stability, whereas the stretches between homeodomain and WUS-Box and EAR-like domain were replaced by serine-glycine linkers (Fig. 5F ). Because this synthetic version of WUS was substantially smaller, but still highly similar to WUS, we called it MiniMe. When we expressed MiniMe-linker-GFP from the WUS promoter, we not only detected nuclear GFP signal in all cells of the apex (Fig. 5 A and G and Fig. S6D ), but also observed massive stem cell overproliferation and SAM expansion in 13 of 18 T1 plants, demonstrating that MiniMe is a gain-of-function allele of WUS. Consistent with this idea, MiniMe was able to rescue wus mutant defects and cause overproliferation phenotypes even in this background (Fig. S6 A  and B) . Because the observed phenotype was similar to that of clv3 mutant apices, where ectopic transcriptional activation of WUS is the cause for stem cell overproliferation, we analyzed the activity of the WUS promoter in pWUS::MiniMe-linker-GFP plants. Similar to WUS misregulation in clv3 mutants, we observed ectopic activation of the WUS promoter in a salt and pepper pattern throughout the SAM by using a pWUS::3xYFP-NLS reporter, suggesting that the activity of MiniMe triggers a potent auto-activating loop, which is masked in wild-type WUS (Fig. 5A) . To differentiate between the effects of auto-activation and cell-to-cell movement, we introduced the same mutations to MiniMe, which render WUS inactive (MiniMeΔBox). Plants carrying a pWUS::MiniMeΔBox-linker-GFP construct were phenotypically indistinguishable from WT and did not show ectopic pWUS activity (Fig. 5 B and D) . However, MiniMeΔBox-linker-GFP was still detectable in all cells of the apex, demonstrating that the observed protein distribution was caused by enhanced protein mobility rather than ectopic WUS promoter activity. These results showed that the nonconserved regions of WUS contain sequences that potently restrict cell-tocell movement. This idea was further supported by the finding that expression of MiniMe-linker-2xGFP-NLS from pWUS still resulted in spreading of the fusion protein into all cells of the SAM (Fig.  5H) , whereas WUS-linker-GFP-NLS was hardly detectable outside the cells of pWUS activity (Fig. 4H) .
To narrow down the protein domains responsible for restricting WUS mobility, we reintroduced WUS sequences into MiniMe and asked which would be able to reconstitute WUS protein behavior. Whereas the WUS sequence located N-terminally of the HD (amino acids 1-31) and the sequence between the WUS-Box and the EAR-like domain (amino acids 264-282) did not influence MiniMe protein behavior or function in vivo, replacing the serineglycine linkers of MiniMe between the HD and the WUS-Box by the original WUS sequence (amino acids 100-249) was sufficient to restrict MiniMe-linker-GFP to the CZ and to fully suppress the stem cell overproliferation phenotypes (Fig. 5 C, E, and F and Fig.  S7 ). Moreover, this chimeric construct could not only rescue the loss-of-stem cell phenotype of wus mutant plants, but was also sufficient to partially reconstitute flower development and seed formation (Fig. S6C) . Taken together, these results suggested that PD-dependent WUS cell-to-cell mobility is highly regulated and dependent on multiple independent domains of WUS.
Nonconserved Regions of WUS Mediate WUS Homodimerization. Having identified the nonconserved sequences between the homeodomain and the WUS-Box to be responsible for limiting WUS mobility, we wondered about the underlying mechanisms. Computational analysis of WUS protein structure predicted that this region is largely unstructured and, thus, failed to provide starting points for experimental approaches. However, WUS from Arabidopsis and Rice was shown to homodimerize in yeast, and this capacity is mediated by parts of the protein located C-terminal to the homeodomain, overlapping with the mobility restricting domains identified here (38, 39 ). Hence, we tested whether WUS homodimerization also occurs in planta by using Förster resonance energy transfer (FRET) and acceptor photobleaching in nuclei of transiently transfected Arabidopsis leaf protoplasts. We were able to show a robust interaction between WUS-mCherry and GFP-WUS, revealing that WUS homodimerizes in vivo. Because the WUS-Box is essential for the interaction of WUS with the transcriptional corepressor TOPLESS (36, (40) (41) (42) , we wondered whether it also might be relevant for homodimerization of WUS. Therefore, we tested WUS-mCherry together with GFP-WUSΔBox, but observed a consistent and unchanged interaction. Consequently, we next analyzed the role of sequences outside the known domains for WUS homodimer formation. To this end, we coexpressed GFP-WUS with MiniMe-mCherry and observed significantly less FRET compared with full-length WUS. Converging with our observation on protein mobility, the interaction was restored almost to WT levels when we reintroduced amino acids 100-249 of WUS between the HD and the WUS-Box of MiniMe ( Fig. 5I ; GFP-WUS+WUS-mCherry: 15.1%; GFP-WUS+MM-mCherry: 7.0%; GFP-WUS+MMM-mCherry: 12.6% average increase in fluorescence; P < 0.0001). Thus, these predicted unstructured regions not only are essential to limit WUS protein movement in vivo, but also are required for homodimerization, suggesting that homodimerization could contribute to the regulation of WUS protein movement.
Discussion
Establishment and maintenance of symplastic domains within tissues is an important mechanism for cell fate specification in plants. Although e.g., organ primordia require symplastic isolation to allow efficient auxin accumulation (11, 12, 28) , we have shown here that in the CZ of the SAM symplastic connectivity is critical for stem cell activity. Interference with plasmodesmata function led to stem cell differentiation phenotypes, which were correlated with loss of WUS-linker-GFP movement. Moreover, also cells of the OC responded strongly to blocking PDs in the cells of pCLV3 activity, which could either be a result of the overlap of OC and pCLV3 activity or might point to a yet unknown stem cell derived signal required for OC maintenance. Our results demonstrated that WUS traffics through plasmodesmata rather than via secretion and endocytosis and suggested that WUS could be one of the essential signals emanating from the niche. The finding of endogenous WUS in stem cells along with the fact that degrading WUS in these cells caused meristem termination strongly supported this idea. However, we cannot rule out that other important signals, such as STM, move from the OC into stem cells, whose activity is masked by the loss of WUS function in our experiments. The highly specific nature of WUS mobility made us wonder what the underlying molecular determinants might be and we identified the homeodomain as responsible for promoting WUS movement. This resembles the situation for KNOTTED1/STM (14) , although the HD of WUS and KN1 share little sequence homology and the residues identified to be essential for STM mobility do not exist in the WUS HD (2) . Moreover, the chaperonin CCT8, which facilitates KN1 movement does not seem to be essential for WUS trafficking, as WUS-linker-GFP can still move from the OC to the stem cells in a cct8-1 wus double mutant background (Fig. S5F) (43) . Supporting a rapid diversification of mechanisms underlying transcription factor mobility, we found that even within the WOX protein family efficient cell-to-cell movement is not a general feature, but highly correlated with sequence similarity to WUS. This observation is in line with the function of other WOX genes, which only seem to exert their function in the cells in which they are expressed or the directly adjacent cells, respectively (33, (44) (45) (46) (47) (48) . Because WUS potently induces stem cell fate, WUS spreading from the OC needs to be tightly controlled and restricted to the CZ. We identified the evolutionary nonconserved stretch between the WUS HD and the WUS-Box to be the protein region necessary for this restriction. Because this part of the protein is also required for WUS homodimerization, one attractive hypothesis is that WUS homodimer formation limits mobility and thus could act as a rheostat for noncell autonomous protein function. Alternatively, the identified region might contain sequences that are also recognized by interaction partners, which in turn could modulate WUS mobility. Along these lines trapping of SHR by heterodimer formation with SCARECROW has already been shown to be a potent mechanism to regulate mobility and function of cell type specifying transcription factors (49) .
Materials and Methods
Plant Material and Treatments. Plants were of Col-0 background and grown at 21-23°C in long days. Ethanol inductions were performed by watering with 0.7% EtOH and placing a 2-mL reaction tube with 100% EtOH per pot, which was covered with a plastic bag overnight. In pWUS::WUS-linker-GFP wus plants, CalS3m was induced every second day, and wus heterozygous plants required daily induction. The wus allele is GABI-Kat line GK870H12.
Transgenes. For all transgenes, we used a pGREENIIS-based vector containing the desired promoter, terminator and resistance cassette into which the desired ORF was cloned by the Gateway System (Invitrogen). The constitutively active version of Callose Synthase 3 (CalS3m) was obtained from the Helariutta laboratory (16) and cloned into the pGREENIIS backbone under the control of the AlcA promoter by LR reaction (50) . The backbone also contained a pCLV3::AlcR::tCLV3 expression cassette to allow for induction of CalS3m expression specifically in stem cells. To generate the plasmid containing the TEV protease and the YFP-WUS or YFP-WUS TEVrs versions on the same T-DNA, the Green Gate system was used (51).
Confocal Microscopy. Confocal microscopy was performed on a Nikon A1 Confocal with a CFI Apo LWD 25× water immersion objective (Nikon Instruments) as described in von Wangenheim et al. (52) and Heisler et al (53) .
Counterstainings were either performed with 20 μM FM4-64 dye (depicted in red) or 1 mg/ml DAPI (depicted in blue).
FRET. FRET was measured by using increase in donor fluorescence upon bleaching of the acceptor as readout (54, 55) . Three independent experiments were performed, and per experiment, at least 20 protoplasts per sample were analyzed. To drive expression in protoplasts, the 35S CaMV promoter was used. 
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